Background: To investigate and quantify the impact of intracranial lesions at different locations within the visual pathway on the ganglion cell layer-inner plexiform layer (GCL-IPL) complex and the retinal nerve fiber layer (RNFL). Methods: Patients with intracranial lesions affecting the optic chiasm (Group I) or the optic tract and/or lateral geniculate nucleus (Group II) were included. All patients received kinetic visual field assessment and underwent spectral domain optical coherence tomography. Peripapillary and papillomacular bundle (PMB) RNFL and macular GCL-IPL thickness in 4 perifoveal areas were measured and compared with normal values derived from 52 age-matched healthy control subjects. Z-scores for each parameter of every patient were calculated and compared with the normative data. Z-scores less than 22.0 (e.g., 22.5) were considered as being statistically significant. Results: Twenty-two patients (Group I and II: 13 and 9, respectively) were included. Ten of 13 patients in Group I showed significant binasal GCL-IPL thinning, with associated temporal sector thinning in 8 patients. In Group II, all 9 patients showed significant reduction of the GCL-IPL corresponding to the homonymous visual field defect, but only 4 demonstrated RNFL thinning. Contralateral RNFL thinning within the PMB clinically similar to bow-tie atrophy was evident in all patients in Group II. GCL-IPL and RNFL thinning varied in severity from mild
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R
etrograde trans-synaptic degeneration in primates was first described by van Buren (1), who observed reduced ganglion cell layer (GCL) thickness in the corresponding retinal areas after a lesion in the optic chiasm or after right occipital lobectomy. The severity of GCL atrophy was shown to depend on the age, extent of the lesion, and the time elapsed since the damage (2). In humans, Hoyt et al (3) applied the term homonymous hemioptic hypoplasia in describing the characteristic retinal nerve fiber layer (RNFL) atrophy and optic nerve head appearance in 3 patients with congenital cerebral hemispheric damage. The development of high-resolution optical coherence tomography (OCT) and the availability of software tools to delineate the boundaries of all retinal layers (segmentation) now allows in vivo measurements of retinal structure. Thinning of the specific RNFL sectors or the GCL-inner plexiform layer (GCL-IPL) complex in the corresponding retinal areas in patients with retrogeniculate lesions has been reported (4) (5) (6) (7) (8) (9) (10) . An absence of visible MRI abnormalities in the lateral geniculate nucleus (LGN) and surrounding region does not definitively exclude damage, but may reflect the small size of the LGN or an insufficiently detailed MRI protocol.
The purpose of our study was to quantify the GCL-IPL thickness in patients with anterior visual pathway pathology. It is unclear whether a reduction in RNFL thickness occurs concurrently with a thinning of the GCL-IPL. Therefore, the secondary aim of the study was to compare reductions in GCL-IPL with changes in peripapillary RNFL thickness.
METHODS

Patients
Patients were recruited from the Department of Ophthalmology of the University Hospital Zurich between May 2014 and December 2015. Inclusion criteria were as follows: a brain disorder (tumoral, ischemic, inflammatory unrelated to multiple sclerosis, or other neuroimmunological disease) affecting the intracerebral portion of the anterior visual pathway (optic chiasm, optic tract, and/or the LGN); diagnosis at least 2 months before study enrollment; brain MRI at initial evaluation; presence of visual field defects; age between 18 and 60 years.
All MRIs were re-evaluated by a neuroradiologist (W.W.) and neuro-ophthalmologist (H.W.). Patients with a lesion localized to the optic nerve without extension to the chiasm and isolated retrogeniculate lesions were excluded from the study. Other exclusion criteria were as follows: pre-existing neurological or neuroimmunological disease (such as multiple sclerosis), optic disc anomalies; pre-existing optic neuropathy; and glaucoma. Patients with nystagmus were excluded to ensure high quality of OCTs.
All patients received a comprehensive eye examination. Kinetic visual fields were manually performed by an experienced perimetrist using the Octopus 900 perimeter (Haag Streit AG, Koeniz, Switzerland). One patient with acromegaly had to be tested with the kinetic perimeter because his increased head size precluded examination with the Octopus system.
After receiving an explanation about the aims and methods of the study, every subject signed an informed consent form. The study was approved by the local Ethics committee of the Canton of Zurich and performed according to the Tenets of the Declaration of Helsinki.
Spectral Domain Optical Coherence Tomography
All spectral domain OCT (SD-OCT) measurements were obtained with Spectralis SD-OCT (software version 6.0.13.0; Heidelberg Engineering, Heidelberg, Germany). To measure the peripapillary RNFL thickness, a circular scan with a diameter of 3.5 mm centred on the optic disc was obtained. The scanned area was divided into 7 sectors as implemented in Spectralis software: nasal, temporal, nasal/ temporal superior and inferior, respectively, and the papillomacular bundle (PMB) in a 30°-sector with a mild tilt of 7°downward in the temporal area (n-site PMBprogram). All sectors were analyzed, along with the average (global) RNFL thickness (Fig. 1A) . The macular OCT was obtained using a horizontal line scan protocol with 31 horizontal B scans, each 8-mm long and separated by 240 mm. All macular scans were automatically segmented using supplied proprietary software (version 6.0.14.0; Heidelberg Engineering).
GCL-IPL thickness was analyzed separately corresponding to the RNFL distribution in the superotemporal, superonasal, inferonasal, and inferotemporal retina. The macular area within the inner Early Treatment Diabetic Retinopathy Study (ETDRS) ring was divided into 16 quadrants centred on the fovea (Figs. 1B and 1C) . The 4 innermost quadrants were excluded because of the physiological absence of ganglion cells within 63 mm of the foveal center (11) . The area FIG. 1. A. Peripapillary RNFL schematic of the 6 sectors and the papillomacular bundle. B. Illustration of the analyzed macular area superimposed on a red-free fundus photograph on which was overlaid an 8 · 8 grid pattern. C. The areas marked in green in a right eye were used for the GCL-IPL thickness analysis. PMB, papillomacular bundle; T, temporal; TS, temporal-superior; NS, nasal-superior; N, nasal; NI, nasal-inferior; TI, temporal-inferior; T, temporal; RNFL, retinal nerve fiber layer; GCL-IPL, ganglion cell layer-inner plexiform layer; OD, right eye.
of the remaining 12 quadrants formed a right-angled pattern in each of the 4 sectors. Thus, 2 superior and inferior patterns on the nasal and temporal retina of each eye separated by a virtual vertical line through the foveola were analyzed for GCL-IPL thickness. Figure 1C depicts the analyzed retinal areas (green quadrants). The boundaries of the retinal layers as defined by the software segmentation algorithm were manually verified and, if necessary, corrected by a single operator (SZ). Mean values of GCL-IPL for every sector were calculated.
Data were compared with those derived from 52 normal subjects aged 20-60-years old. Individuals with a refractive error greater than 26.00 or +4.00 diopters (spherical equivalent), current or previously treated amblyopia, or any eye disease or anatomical abnormality, which could affect optic nerve or retinal structure or integrity, were excluded in the control group. Segmentation software defined the mean thickness of both GCL and IPL in every quadrant, which was aggregated to give corresponding values for GCL-IPL.
Statistical Analysis
We performed statistical analysis using SPSS (version 22, 2013; IBM Corp., Armonk, NY). Z-scores of both RNFL and GCL-IPL were calculated to compare patient data with those derived from the control subjects. We defined a z-score less than 22.0 as statistically significant, whereas a z-score between 21.5 and 22 was considered a trend. Cohen's kappa was calculated based on the abnormal z-scores to quantify the agreement between the measurements of GCL-IPL and RNFL thickness.
RESULTS
Twenty-two patients (16 men, 6 women) aged 20-59 years (mean 40.0 years) were included. Patients were divided into 2 groups according to the location of the intracranial lesion: Group I: lesion of the optic chiasm (13/22) and Group II: lesion involving the optic tract and/or the LGN (9/22) (see Supplemental Digital Content, Table E1 , http://links.lww.com/WNO/A274).
Ganglion Cell Layer-Inner Plexiform Layer Analysis
In Group I, most patients (10/13; Patients 3 and 5-13) with chiasmal lesions showed significant thinning of the GCL-IPL complex binasally. This nasal thinning was associated with a thinning in one of the temporal sectors in 8 patients (Patients 3, 5-10, and 13). One patient revealed significant unilateral thinning of the nasal GCL-IPL (Patient 4).
All patients in Group II showed significant homonymous thinning of the corresponding halves or quadrants of the retina (lower z-scores were calculated for the ipsilateral temporal and contralateral nasal retinal sectors).
Retinal Nerve Fiber Layer Analysis
Patients in Group I showed a significant global RNFL thinning in both eyes (7/13; Patients 3, 5-8, 10, and 11) or 1 eye (4/13; Patients 1, 9, 12, and 13). PMB was significantly thinned in 20 of 26 eyes. Global RNFL thinning was always associated with a significant reduction within the PMB. Isolated unilateral RNFL thickness reduction within the PMB was present in 1 patient (Patient 4).
Significant bilateral thinning of global RNFL thickness was found in 4 patients in Group II (Patients 14, 18, 19,  and 22 ). All patients demonstrated a significant (8/9; Patients 14, 15, and 17-22) or almost significant (1/9; z-score 21.76, Patient 16) RNFL reduction within the PMB. PMB was affected in the eye contralateral to the lesion in 8 patients and bilaterally in1 patient (Patient 18). All RNFL data are plotted together with the GCL-IPL analysis and visual fields in Figures 2 and 3 .
Comparison between Ganglion Cell Layer-Inner Plexiform Layer and Retinal Nerve Fiber Layer
Overall, OCT analysis demonstrated a significant reduction of global RNFL thickness in 15/22 patients, whereas GCL-IPL thickness was reduced in 20/22 patients.
Comparison between PMB RNFL and GCL-IPL in Group I revealed, as expected, retinal damage that varied in severity and extent. No significant change in RNFL or GCL-IPL was evident in Patient 2, despite the chiasmal lesion. Reduction of PMB RNFL without significant GCL-IPL changes was seen in 1 patient (Patient 1). A reduction of PMB RNFL associated with nasally reduced GCL-IPL in the same eye was visible in Patient 4. More significant damage, with reduced PMB RNFL in 1 eye associated with symmetrical or asymmetrical nasal reduction of GCL-IPL in both eyes, was recorded in 2 patients (Patients 3 and 12). The most advanced damage in Group I was evident in 8 patients with bilateral asymmetrical reduction of PMB RNFL associated with asymmetrical (with a nasal predilection) thinning of GCL-IPL (Patients 5, 6, 7, 8, 9, 10, 11, and 13).
Reduced RNFL within the PMB contralateral to the lesion was associated with GCL-IPL thinning in the lesioncorresponding area in all except 1 patient (Patient 16) in Group II.
Cohen's kappa calculated for the 2 methods (GCL-IPL and global RNFL thickness) was 0.207 showing some degree of agreement between GCL-IPL and global RNFL in the detection of reterograde degeneration. However, this did not reach statistical significance (P = 0.059). Agreement between PMB and GCL-IPL was strong at 0.553 (P , 0.001). GCL-IPL analysis better reflected the relationship between the site of damage, secondary retinal atrophy, and corresponding visual field defect. By contrast, RNFL thickness was reduced, but it remains challenging to reconcile the recorded visual field defects with patterns of RNFL structural loss in cases of mixed LGN and chiasmal pathology. A specific and pathognomonic RNFL thickness change is observable in lesions of the LGN; the severity of damage may modify the extent of the visual field defect. An example is seen in Figure 3 , Patient 14 with right homonymous visual field defect. Despite the homonymous GCL hemiatrophy, RNFL atrophy of the temporal arcuate bundles with a normal thickness within the PMB was observed in the left eye ipsilateral to the affected LGN. However, the contralateral eye revealed a bow-tie optic atrophy with reduced RNFL thickness within the PMB.
DISCUSSION
The probable degeneration pattern of RNFL or GCL-IPL as revealed by OCT segmentation after damage to the anterior visual pathway has been the subject of previous research (4) (5) (6) (7) (8) (9) (10) (12) (13) (14) (15) (16) . A lesion localized anteriorly between the LGN and optic nerves is characterized by a retrograde (descending) axonal degeneration, in contrast to anterograde (ascending) Wallerian degeneration.
Our microstructural retinal analysis in patients with lesions of the anterior visual pathway at different sites showed a reduction in the thickness of the ganglion cells and their axons corresponding to the lesion site. In contrast to previous studies, we investigated patients with lesions of the intracerebral portion of the anterior visual pathways. Patients with chiasmal lesions displayed variable GCL-IPL and RNFL damage, from minimal to severe thinning. Most patients with chiasmal lesions showed a binasal thinning of the GCL-IPL complex as reported by Tieger et al (17) . The reduction was not strictly symmetrical and was associated with thinning of the temporal GCL-IPL in most cases. This asymmetry may be due to the variable effects of tumors compressing crossing and noncrossing fibers within the optic chiasm (18) .
Retrograde homonymous hemiretinal degeneration was evident in all patients with a lesion involving the LGN (Group II). Our clinical experience of such cases would suggest that the resulting visual field defects were most likely permanent, whereas such defects tended to improve in patients with chiasmal lesions after decompression. Group I patients showed visual field recovery in the presence of substantial retinal neural and axonal damage. Therefore, quantification of the retinal layers should always be performed in patients with chiasmal lesions, even those with improving or absent visual field defects. Quantification of GCL-IPL will be required as part of the clinical assessment of patients to improve counseling and to define the endpoint of visual field loss. Our GCL-IPL thickness analysis based on 4 right angle-shaped sectors covering the portion of the macula with the thickest GCL provides a useful investigative tool. Overall, our results are supportive of those reported by Akashi et al (19) . However, in that study, only patients with chiasmal lenses were included, and there was no analysis of PMB thickness. RNFL thickness measurements (with the exception of PMB) are of less clinical utility than those of GCL-IPL.
Our RNFL analysis highlights the importance of the isolated PMB measurement. Despite the small number of patients studied and absence of retrogeniculate lesions, we can conclude that thinning of the PMB is a more accurate predictor of retrograde degeneration than abnormal global or sectorial RNFL thickness. Unfortunately, PMB measurements are not currently implemented in all OCT devices. The bilateral automated segmentation in 4 retinal sectors within the inner ETDRS ring described here provided useful information regarding potential atrophy of the inner retina. Careful manual verification and correction of the automated segmentation is essential.
Our results emphasize the necessity of careful and detailed RNFL thickness evaluation in patients with visual pathway pathology. Further investigations, in particular in patients with retrogeniculate lesions, are recommended to determine the degenerative process in the GCL and RNFL. In addition, the use of high-field MRI with increased spatial resolution to visualize the LGN will permit a better correlation of intracerebral and retinal layer morphology.
